ATRA (all-trans retinoic acid), which is a major bioactive metabolite of vitamin A and a potent regulator of development and differentiation, mediates down-regulation of the human albumin gene. However, the mechanism of ATRA-mediated down-regulation is not well understood. In the present study, deletion analysis and luciferase assays demonstrate that ATRA causes a marked decrease in the activity of the albumin promoter, the region between nt − 367 and − 167 from the transcription start site, where C/EBP (CCAAT/enhancer-binding protein)-binding sites are tightly packed, is indispensable for ATRA-mediated down-regulation. ChIP (chromatin immunoprecipitation) assays revealed that in vivo binding of C/EBPα to the region markedly decreases upon incubation with ATRA, whereas ATRA treatment marginally increases the recruitment of C/EBPβ. We found that ATRA has the ability to differentially and directly induce expression of a truncated isoform of C/EBPβ, which is an LIP (liver-enriched transcriptional inhibitory protein) that lacks a transactivation domain, and to increase the binding activity of C/EBPβ-LIP to its response element. Overexpression of C/EBPβ-LIP negatively regulates the endogenous expression of albumin, as well as the activity of the albumin promoter induced by C/EBP transactivators such as C/EBPα and fulllength C/EBPβ. In conclusion, we propose a novel model for down-regulation of the albumin gene, in which ATRA triggers an increase in the translation of C/EBPβ-LIP that antagonizes C/EBP transactivators by interacting with their binding sites in the albumin promoter.
INTRODUCTION
Serum albumin is the most abundant and characteristic protein that is produced by the mature liver; albumin functions as a transporter of various substances and is a prime regulator of colloid osmotic pressure [1] . Albumin is exclusively synthesized in the liver, approx. 200 mg/kg per day [2] , leading to its high steadystate concentration in plasma (35-50 g/l in humans). It has been reported that the albumin level in plasma is decreased as a result of reduced albumin synthesis in clinical disorders such as liver disease [2] , infectious disease [3] , and cancer [4] . Serum albumin can be used as a reliable indicator for the prognosis and severity of these diseases [5, 6] . Therefore it is probable that albumin synthesis is regulated accurately and dramatically in a variety of physiological and pathophysiological conditions. Albumin synthesis is regulated mainly at the transcriptional level through tissue-specific transcription factors such as HNF (hepatocyte nuclear factor)-1 and C/EBP (CCAAT/enhancerbinding protein) [7, 8] . The transcription of the albumin gene is down-regulated by a number of factors, including cytokines [9] [10] [11] , vitamins [12] [13] [14] , colloid osmotic pressure [15, 16] and amino acid limitation [17] . ATRA (all-trans retinoic acid), a major bioactive metabolite of vitamin A, plays a crucial role in hepatocyte differentiation, proliferation and apoptosis [18, 19] . ATRA has been shown to down-regulate albumin gene expression in rat hepatocytes [20] and human hepatoma cell lines [12, 13] .
In animal experiments, it has been reported that a decrease in serum albumin concentration is observed after the administration of ATRA to rodents [21] . Furthermore, in clinical studies of fenretinide (4-hydroxyphenyl-retinamide), a synthetic derivative of ATRA that posesses inhibitory activity against various types of malignant cells [22] [23] [24] , administration of the drug caused hypoalbuminemia as an adverse effect [25] . Nevertheless, little is known about the ATRA-mediated down-regulation of albumin expression either in experimental or clinical research fields.
In the present study, we have examined the molecular mechanism by which ATRA down-regulates albumin expression in human HCC (hepatocellular carcinoma) cells, with special attention to the transcription factors involved. We present evidence that ATRA preferentially induces the expression of a truncated isoform of C/EBPβ: 20 kDa LIP (liver-enriched transcriptional inhibitory protein). We also present evidence that C/EBPβ-LIP functions as an antagonist of C/EBP transactivators in the expression of the albumin gene.
template; the forward primer (5 -GGCTAGCCTGGACTAATA-TTATTCTTTTCATTTG-3 ) and the reverse primer (5 -CCTC-GAGGTGTGCCAAAGGCGTGTGGGGTT-3 ) contain restriction sites for NheI and XhoI respectively at the 5 end. After PCR amplification, the 1.9 kb product was digested with NheI and XhoI and it was then ligated into the pGL3-Basic vector (Promega, Madison, WI, U.S.A.) to produce pAL1.9-LUC. A series of human albumin promoter 5 end-deletion constructs were created by PCR amplification using the above reverse primer and the following forward primers: 1456 bp construct (nt − 1417 to + 39), 5 -GGCTAGCCAGTACCCATTTCTGAAGAAG-3 ; 806 bp construct (nt − 767 to + 39), 5 -GGCTAGCCCTCA-TTTGGGTCCATTTTCC-3 ; 606 bp construct (nt − 567 to + 39), 5 -GGCTAGCCAGCTTTTTCAGACAGAATGG-3 ; 406 bp construct (nt − 367 to + 39), 5 -GGCTAGCCTATTTAGTTTGG-TTAGTAAT-3 and 206 bp construct (nt − 167 to + 39), 5 -GG-CTAGCCCAGATGGTAAATATACACAA-3 . Each NheI/XhoI fragment was inserted into the pGL3-Basic vector, to yield pAL1.4-LUC, pAL0.8-LUC, pAL0.6-LUC, pAL0.4-LUC or pAL0.2-LUC. To create expression plasmids for C/EBPα, C/EBPβ-FL (C/EBPβ-full-length) and C/EBPβ-LIP, the corresponding sequences were amplified by PCR using pCMV-C/EBPα and pCMV-C/EBPβ, which were provided by Dr G. J. Darlington (Department of Pathology, Baylor College of Medicine, Houston, TX, U.S.A.), as templates and primers containing an EcoRI site at the 5 ends. Each EcoRI fragment was cloned into the EcoRI site of the pCAGGS vector [28] .
Cell culture and treatment with ATRA FLC-4 cells were maintained in ASF104 serum-free medium (Ajinomoto, Tokyo, Japan) without any supplements, at 37
• C in a humidified 5 % CO 2 /95 % air atmosphere. In experiments using ATRA, FLC-4 cells were cultured in ASF104 serum-free medium with or without 1-1000 nmol/l ATRA (Sigma, St. Louis, MO, U.S.A.). For transient transfection experiments, FLC-4 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 100 units/ml penicillin, 100 µg/ml streptomycin and 10 % foetal bovine serum.
ELISA
Albumin levels in culture medium were measured using a human albumin ELISA quantification kit (Bethyl Laboratories, Montgomery, TX, U.S.A.) according to the manufacturer's instructions.
RNA isolation and real-time RT (reverse transcriptase)-PCR
Total RNA was extracted from FLC-4 cells using the RNeasy mini kit (QIAGEN, Tokyo, Japan) according to the manufacture's protocol. Quantitative real-time RT-PCR analysis was performed using the ABI Prism 7700 Sequence Detector (PerkinElmer Applied Biosystems, Foster City, CA, U.S.A.) as described previously [29] . The standard curve was created using serially diluted total RNA obtained from FLC-4 cultures. The amount of target gene expression was calculated from the standard curve, and its quantitative normalization in each sample was carried out using β-actin (PerkinElmer Applied Biosystems) as an internal control. The following primers and fluorescent dual-labelled probes were used: albumin forward primer, 5 -CGATTTTCTT-TTTAGGGCAGTAGC-3 ; albumin reverse primer, 5 -TGGAAA-CTTCTGCAAACTCAGC-3 ; albumin probe, 5 -CGCCTGAG-CCAGAGATTTCCCA-3 ; HNF-1α forward primer, 5 -AGCG-GGAGGTGGTCGATAC-3 ; HNF-1α reverse primer, 5 -CATG-GGAGTGCCCTTGTTG-3 ; HNF-1α probe, 5 -TCAACCAG-TCCCACCTGTCCCAACA-3 ; HNF-1β forward primer, 5 -AG-CCCAGTTTCCCTTCTATGC-3 ; HNF-1β reverse primer,  5 -TCCTCTTCGGTGGTTCCTTGT-3 ; HNF-1β probe, 5 -CACAATGCCTCTCCCACGATGTCAAG-3 ; C/EBPα forward primer, 5 -CAACGTGGAGACGCAGCA-3 ; C/EBPα reverse primer, 5 -GCTCAGCTGTTCCACCCG-3 ; C/EBPα probe, 5 -CTGACCAGTGACAATGACCGCCTGC-3 ; C/EBPβ forward primer, 5 -GCCCTCGCAGGTCAAGAG-3 ; C/EBPβ reverse primer, 5 -TGCGCACGGCGATGT-3 and C/EBPβ probe, 5 -CAAGCACAGCGACGAGTACAAGATCCG-3 .
Plasmid transfection and luciferase assay
For the expression of luciferase reporter plasmids in FLC-4 cells, 1 × 10 5 cells per 22 mm well were seeded and cultured overnight. The adherent cells were transfected with 5 µg of plasmid DNA using TransIT-LT1 transfection reagent (Mirus, Madison, WI, U.S.A.) according to the manufacturer's instructions. After the transfection, the cells were incubated with the fresh medium in the presence or absence of 100 nmol/l ATRA for 48 h, followed by determination of the luciferase activity in cells by using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. For co-expression with C/EBPs, FLC-4 cells were seeded at 2 × 10 5 cells per 22 mm well on the day before transfection. The cells were transfected with C/EBP expression vectors and the luciferase reporter, pAL1.9-LUC, using TransIT-LT1 transfection reagent, and were cultured for an additional 48 h before the luciferase assay. The total amount of transfected DNA was kept constant by the addition of an empty vector. The pRL-CMV vector (Promega) was used as an internal control for the luciferase assay. To examine the effect of C/EBPs on endogenous albumin expression, FLC-4 cells were seeded at 2 × 10 5 cells per 22 mm well and cultured overnight. The adherent cells were transfected with C/EBP expression vectors and/or an empty vector using TransIT-LT1 transfection reagent. One day later, the culture medium was changed and the cells were incubated for a further 48 h. After harvesting the medium, the amount of secreted albumin was measured by ELISA.
Western blotting
The proteins were transferred on to a PVDF membrane (Immobilon; Millipore, Bedford, MA, U.S.A.) after separation by SDS/PAGE (12.5 or 15 % gels). After blocking, the membrane was probed with a rabbit polyclonal anti-C/EBPα antibody (sc-61; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.), a rabbit polyclonal anti-C/EBPβ antibody (sc-150; Santa Cruz Biotechnology), or a mouse monoclonal anti-β-actin antibody (Sigma), followed by incubation with a peroxidase-conjugated secondary antibody and visualization with a SuperSignal West Pico Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL, U.S.A.). The amount of protein signal was quantified by densitometric analysis (Cool Saver AE-6955; ATTO, Tokyo, Japan).
ChIP (chromatin immunoprecipitation) assay
ChIP assays were performed using the protocol for the ChIP assay kit (Upstate, Lake Placid, NY, U.S.A.). Briefly, FLC-4 cells in 100 mm dishes were grown to 70 % confluency with or without ATRA treatment for 48 h. The chromatin from formaldehydefixed FLC-4 cells was sonicated and immunoprecipitated using the rabbit polyclonal anti-C/EBPα or anti-C/EBPβ antibodies. The chromatin immunoprecipitate was analysed by PCR (33 cycles) with the following primer pairs (F1/R1 and F2/R2) for two different regions of the albumin gene: the region from nt − 414 to − 188 containing four potential binding sites for C/EBP, F1 (5 -GCAATTTGGGACTTAACTCTTTCAGTA-3 ) and R1 (5 -CCTTGTCAATGTATTAAAGTTGTGTAAAACA-3 ); and the region from nt − 876 to − 638 without binding sites for C/EBP, F2 (5 -CAGGGATGGAAAGAATCCTATGCC-3 ) and R2 (5 -CCATGTTCCCATTCCTGCTGT-3 ).
EMSA (electrophoretic mobility-shift assay)
Nuclear proteins were extracted from FLC-4 cells that were treated with or without 100 nmol/l ATRA for 48 h, or that transiently expressed the LIP protein, using NE-PER Nuclear and Cytoplasmic Extraction reagents (Pierce Biotechnology). A LightShift Chemiluminescent EMSA kit (Pierce Biotechnology) was used to verify the DNA binding of C/EBPβ-LIP to potential C/EBP-responsive sequences in the region from nt − 414 to − 188 of the albumin gene. Nuclear protein (4 µg) was incubated with the double-stranded biotinylated oligonucleotide that contained the C/EBP-binding site (5 -GTAAAATTTGATAAGAT-GTT-3 ) for 20 min at room temperature. For competition or supershift assay, a 50-fold molar excess of unlabelled wild-type or mutant oligonucleotides (5 -GTAAAAACTGATACAATGTT-3 ), or 1 µg of the monoclonal anti-C/EBPβ antibody (sc-7962 X; Santa Cruz Biotechnology) was incubated with nuclear extracts for 30 min before the addition of labelled oligonucleotides. Reaction mixtures were then separated on a 6 % native polyacrylamide gel, and shifted bands that corresponded to protein-DNA complexes were captured by a horse radish peroxidasebased detection system.
Statistical analysis
Student's t test was used to evaluate the statistical difference between groups. All P values were obtained using a two-tailed statistical analysis, and P < 0.05 was considered statistically significant. Results are means + − S.D.
RESULTS

Down-regulation of albumin secretion and gene expression by ATRA
Among the established human HCC cell lines, FLC-4 is known to have relatively well-preserved liver cell functions, such as albumin synthesis, enzyme activity and drug metabolism [26, 27] . When FLC-4 cells were incubated in the presence of ATRA for 48 h, the albumin level in the culture medium was significantly decreased in a dose-dependent manner; the inhibitory effect of ATRA at concentrations of 1, 10, 100 and 1000 nmol/l on albumin production was 37.04 + − 3.60 %, 50.04 + − 3.27 %, 59.96 + − 4.71 % and 65.74 + − 0.74 % respectively ( Figure 1A ). After treatment with 1000 nmol/l ATRA, the growth rate of FLC-4 cells was only slightly (approx. 30 %) inhibited, and the cells exhibited no morphological changes (results not shown). To address the mechanism of down-regulation of albumin synthesis by ATRA, the mRNA level of albumin in the cells treated with ATRA for 24 h was examined. As shown in Figure 1 (B), consistent with the level of the secreted protein, cellular albumin mRNA expression was inhibited significantly and dose-dependently by ATRA. A 61.95 % decrease in the albumin mRNA level was observed in the presence of 100 nmol/l ATRA, demonstrating that albumin synthesis is down-regulated by ATRA via a reduction in the level of mRNA, which is presumably caused by a decrease in transcriptional activity of the albumin gene and/or albumin mRNA stability. 
Identification of the 5 end flanking region of the albumin gene responsible for its transcriptional down-regulation by ATRA
It is well known that the effect of ATRA on the transactivation of target gene expression is mediated by retinoic acid receptors and retinoid X-receptors that bind DNA as a heterodimer [30, 31] . These nuclear receptors are ligand-dependent transcription factors that bind RAREs (retinoic acid response elements) consisting of two AGGTCA sites usually arranged as DRs (direct repeats) [30, 31] . The RAREs found on ATRA-regulated genes are made up of DR motifs with a spacing of 2 (DR2) or 5 nt (DR5) [31] . However, neither the consensus sequence of RAREs nor RARElike sequences were identified in the 5 end flanking region of the human albumin gene by sequence analysis with a computer search program, TFSEARCH (Searching Transcription Factor Binding Sites; http://www.cbrc.jp/research/db/TFSEARCH.html). One can hypothesize that the ATRA-mediated transcriptional regulation of the albumin gene is a secondary response to retinoic acid in human liver cells.
To identify the region responsible for the down-regulation of albumin gene expression by ATRA, a reporter plasmid, pAL1.9-LUC, containing a 1.9 kb fragment of the albumin 5 end flanking sequence linked to a firefly luciferase gene was constructed ( Figure 2B ) and transfected into FLC-4 cells. The reporter luciferase assay demonstrated that the activity of the albumin promoter from pAL1.9-LUC was markedly decreased to 30.78 % after treatment with ATRA ( Figure 2B ). This inhibitory effect correlated well with the inhibition of albumin mRNA expression (as shown in Figure 1B) , suggesting that the 5 end 1.9 kb flanking sequence of the albumin gene is involved in transcriptional downregulation of albumin expression by ATRA. To define an ATRAresponsive element within the 1.9 kb fragment, a series of 5 enddeletion constructs fused with the luciferase gene were created ( Figure 2B ). As shown in Figure 2 (B), deletions that extended to nt − 367 (pAL0.4-LUC) resulted in basal promoter activities and an inhibitory effect of ATRA on promoter activity that are comparable with those observed in the cells transfected with pAL1.9-LUC. By contrast, a further deletion up to nt − 167, pAL0.2-LUC, yielded a marked decrease in the basal promoter activity, as well as in the inhibitory effect of ATRA on the promoter activity. These results suggest that the region from nt − 367 to − 167 contains a putative element responsible for transcriptional repression by ATRA and that this region is important for a high level of expression of the human albumin gene.
Effect of ATRA on the expression of transcription factors that possibly bind to the albumin promoter
Several potential cis-elements within nt − 367 to − 167 were identified by sequence analysis using TFSEARCH. This region contained binding sites for liver-specific transcription factors, C/EBPs and HNF-1s, as indicated in Figure 2(A) . We next examined whether ATRA regulates expression of these transcription factors at the transcriptional level using quantitative realtime RT-PCR ( Figure 3) . As shown in Figure 3(C) , the mRNA level of C/EBPα, which had the most abundant expression of the four transcription factors tested, was significantly decreased by ATRA treatment in a dose-dependent manner; C/EBPα mRNA expression in FLC-4 cells was suppressed by 47 % in the presence of 100 nmol/l ATRA. By contrast, ATRA exhibited no effect or only a marginal effect on the mRNA levels of HNF-1α, HNF-1β and C/EBPβ ( Figure 3A, B and D) . Since C/EBPα is known to be a positive regulator of human albumin expression [32, 33] , it may be possible that down-regulation of C/EBPα expression is one of the mechanisms involved in the inhibitory effect of ATRA on human albumin synthesis.
In vivo recruitment of C/EBPs to the human albumin promoter
To investigate whether the inhibitory effect of ATRA on albumin expression is associated with the recruitment of C/EBPs to the albumin promoter in vivo, we performed ChIP assays of cells treated with or without ATRA (Figure 4) . After immunoprecipitation with antibodies against C/EBPα and C/EBPβ, the − 414 to − 188 nt fragment within the albumin promoter, which contains four potential binding sites for C/EBPs (C/EBP #1-#4 in Figure 4A ), was amplified by PCR. The results revealed that under basal conditions both endogenous C/EBPα and C/EBPβ were recruited to the albumin promoter. It is of interest that the in vivo binding of C/EBPα to the fragment was markedly decreased upon incubation with ATRA. By contrast, ATRA treatment seemed to marginally increase the recruitment of C/EBPβ to the promoter fragment ( Figure 4B ). We verified that no DNA fragment was detected in the precipitated chromatin when the region between nt − 876 and − 638 of the albumin gene, which does not contain binding sites for C/EBP, was amplified by PCR.
These findings suggest that ATRA has the ability to affect the C/EBP occupancy of the albumin promoter in vivo. It is possible that impaired C/EBPα binding caused by ATRA leads to downregulation of albumin gene expression.
ATRA induces expression of C/EBPβ-LIP, and its DNA-binding activity
It has been reported that the gene for C/EBP is transcribed into a single mRNA that encodes several N-terminally truncated protein isoforms, possibly via the process of alternative translation initiation at downstream AUG codons [34, 35] . C/EBPα mRNA is translated into two major proteins of 42 and 30 kDa (p42-and p30-C/EBPα) [34, 36] , whereas C/EBPβ mRNA mainly produces three isoforms referred to as C/EBPβ-FL, LAP (liver-enriched transcriptional activator protein) and LIP, which are 46, 42, and 20 kDa respectively [34, 37, 38] . All of the C/EBP isoforms have DNA-binding and dimerization domains. However, p30-C/EBPα and LIP are translated from the third in-frame AUG start codon [34, 36] and lack most of the transactivation domain [34, 37, 39] . Although p42-C/EBPα, C/EBPβ-FL and LAP transactivate their target genes' expression, p30-C/EBPα and LIP are unable to activate gene transcription and are able to function as dominantnegative factors by antagonizing and by competing with other C/EBP transactivators [34, 37] . It has been considered that the ratio of C/EBP transactivators to C/EBP dominant-negative factors is important in controlling each activity of C/EBPα and C/EBPβ [34, 36, 37] .
We determined the effect of ATRA on the expression of C/EBP isoforms by Western blotting ( Figure 5A ). An increased level of LIP was observed as early as 8 h after ATRA treatment and it was also detected after 48 h of treatment. By contrast, C/EBPβ-FL and LAP isoforms showed little change in their expression after the 48 h time point of ATRA treatment. The expression level of C/EBPα showed no change in the presence of ATRA after 8 or 16 h. Although a decrease in C/EBPα expression was found after 48 h of ATRA treatment, it is not likely that this reduction is the cause of down-regulation of albumin expression, since a decreased level of albumin mRNA was observed as early as 24 h after ATRA treatment ( Figure 1B ). It appears that the ratio of LIP to C/EBPβ-FL and LAP was elevated in a dose-dependent manner after 16 h of ATRA treatment, while the ratio of p42-C/EBPα to p30-C/EBPα showed no difference with or without ATRA treatment until 48 h after the addition of ATRA. These results demonstrate that ATRA has the ability to differentially modulate the level of C/EBP isoforms with an increase in LIP and a decrease in C/EBPα; the expression of LIP is induced immediately in response to ATRA treatment.
We next examined the effect of ATRA on the DNA-binding activity of LIP, by EMSA ( Figure 5B ). The nucleotide sequence of C/EBP-binding site #3, which is present in the region from In the presence of ATRA ( Figure 5, lane 3) , a shifted band that corresponded to endogenous LIP-bound DNA was observed, which was more intense than in the absence of ATRA (lane 2). We also confirmed that endogenous LIP bound to the other three binding sites for C/EBP (#1, #2 and #4) (results not shown). Thus the combined data demonstrate that ATRA induces not only the expression of LIP but also its DNA-binding activity.
C/EBPβ-LIP down-regulates the gene expression and synthesis of albumin by blocking the transcriptional activity of C/EBPα and C/EBPβ-FL
Our data suggest that early induction of LIP expression and an increase in the DNA-binding activity of LIP caused by ATRA triggers the down-regulation of albumin gene expression. To directly evaluate the role of LIP in albumin expression, we determined the effect of C/EBPs on albumin expression using transient transfection experiments ( Figure 6 ). As shown in Figure 6(A) , overexpression of C/EBPα and C/EBPβ-FL caused a more than 20.7-or 8-fold increase respectively, in promoter activity in a dose-dependent manner compared with transfection with an empty vector. By contrast, co-expression with LIP resulted in a marked and dose-dependent reduction of the increased activity ( Figure 6B ). Expression of LIP alone also decreased the level of promoter activity ( Figure 6B ), presumably because LIP inhibited positive functions of endogenous C/EBP transactivators expressed in FLC-4 cells. We investigated the effect of C/EBP expression on the secretion of endogenous albumin ( Figure 6C ). Consistent with albumin promoter activity, overexpression of C/EBPα and C/EBPβ-FL significantly increased the level of albumin in the culture mediun by 2-and 1.7-fold respectively, compared with transfection with an empty vector. Overexpression of LIP significantly and dose-dependently decreased both the basal level of albumin secretion and the level of albumin elevated by expression of C/EBPα and C/EBPβ-FL. Thus these results strongly suggest that LIP plays a role in repressing albumin gene expression by blocking the ability of C/EBP transactivators to activate the albumin promoter, leading to down-regulation of albumin synthesis.
DISCUSSION
In the present study, we have demonstrated the down-regulation of secretion and gene expression of albumin mediated by ATRA. This finding is in line with previous reports that ATRA negatively regulates albumin synthesis in rat hepatocytes [20] and human hepatoma cell lines [12, 13] . We addressed its molecular mechanisms and found: (i) that the 5 end flanking region of the albumin gene, nt − 367 to − 167, in which four binding sites for C/EBPs are conserved, is responsible for its transcriptional repression by ATRA, and (ii) that upon ATRA treatment, C/EBPβ-LIP is differentially induced among C/EBPβ isoforms and the expression of C/EBPα is subsequently decreased. The present study reveals that C/EBP proteins play a key role in the transcriptional regulation of the human albumin gene by ATRA.
C/EBPα and C/EBPβ, which are composed of DNA-binding and dimerization domains at their C-termini, and transactivation domains at their N-terminal regions, are expressed in the liver at high levels and are involved in the regulation of cell growth, cell differentiation, metabolism and inflammation [40] [41] [42] . A single mRNA species for C/EBPβ directs production of three major isoforms in liver tissues: C/EBPβ-FL, LAP and a low-molecularmass isoform, LIP [34, 37, 38] . These three proteins contain the DNA-binding and dimerization domains. C/EBPβ-FL and LAP contain a transactivation domain and function as transcriptional activators, whereas LIP lacks the N-terminal transactivation domain and can attenuate the transcriptional stimulation by C/EBPβ-FL, LAP and C/EBPα in substoichiometric amounts [37] . It has been shown that LIP is involved in the downregulation of human CYP3A4 induced by interleukin-6 [43] and in the repression of C/EBPα mRNA during the acute phase of the immune response [44] . In the present study, we have demonstrated that the overexpression of LIP leads to inhibition of the positive regulation of albumin promoter activity that is mediated by C/EBPα and C/EBPβ-FL ( Figure 6B ). This is the first study to show the involvement of LIP in the regulation of human albumin gene expression.
Our albumin promoter assay using the 5 end-deletion constructs demonstrated that the region spanning nt − 367 to − 167 within the albumin gene is a prerequisite for ATRA-dependent transcriptional down-regulation ( Figure 2B ). The ChIP assay showed that during ATRA treatment the in vivo binding of C/EBPα to the region clearly decreased, whereas the binding of C/EBPβ slightly increased ( Figure 4B ). The anti-C/EBPβ antibody used in the present study is capable of recognizing all of the C/EBPβ isoforms, since no anti-C/EBPβ antibodies that recognize the Ntermini of C/EBPβ are available to distinguish these isoforms. However, an EMSA demonstrated that ATRA increased the binding activity of LIP to its response element in this region ( Figure 5B ). Thus we suggest that the increase in DNA-binding of C/EBPβ, as shown in the ChIP assay, is caused by ATRAinduced LIP expression. It has been reported that LIP has a greater binding capacity for the C/EBP-binding element compared with C/EBP transactivators i.e. LIP binds to the element 4-fold more efficiently than does LAP [37] . Therefore it is probable that C/EBP transactivators predominantly bind to their response elements within the albumin promoter in the ATRA-untreated cells, while an increased level of LIP possibly displaces these transactivators at the C/EBP-binding sites to occuy them in ATRA-treated cells.
As indicated in Figure 5 (A), preferential induction of LIP expression by ATRA was observed even in the culture after 8 h of ATRA treatment. By contrast, a decrease in C/EBPα gene expression was not detected at such an early stage (results not shown), but was first observed 24 h after the addition of ATRA ( Figure 3C ). Furthermore, the expression level of C/EBPα protein was little changed when the mRNA expression level of albumin was decreased by ATRA treatment ( Figure 5A ). Based on the results of the present study, we propose a model for the molecular mechanism by which ATRA down-regulates the expression of human albumin in liver-derived cells (Figure 7) . ATRA triggers the differential induction of C/EBPβ-LIP, a dominant-negative regulator of C/EBP activators. A C/EBPbinding consensus sequence has been identified in the C/EBPα promoter, and it has been shown that C/EBPβ-FL and LIP respectively, function as positive and negative regulators of C/EBPα gene expression [44] . Thus it is probable that LIP preferentially binds to the C/EBP-binding elements not only on the albumin promoter but also on that of C/EBPα at the expense of C/EBPβ-FL, LAP and C/EBPα. However, LIP lacks the transactivation domain and is unable to activate transcription. LIP expression induced by ATRA possibly down-regulates the gene expression of albumin and C/EBPα, by competing for DNAbinding sites as a LIP homodimer and/or by antagonizing the transcriptional activity of C/EBP transactivators via heterodimer formation with C/EBP-FL or LAP [37] . Hence, an increase in the ratio of LIP to C/EBP transactivators is critical for downregulation of the expression of albumin and C/EBPα genes that is mediated by ATRA. This conclusion is supported by transient transfection experiments which indicated that the activity of the albumin promoter is stimulated by transfection with C/EBPβ-FL or C/EBPα expression constructs ( Figure 6A ), whereas its activity is decreased by co-transfection with a LIP construct ( Figure 6B ). Decreased expression of C/EBPα may also contribute to the transcriptional repression of the albumin gene, since C/EBPα is known to be one of the positive regulators of albumin expression [32, 33] .
A key question is: how does ATRA differentially induce C/EBPβ-LIP but not C/EBPβ-FL expression? A previous study [45] , which describes the effect of ATRA on the alternate production of C/EBPβ isoforms, has not demonstrated its molecular mechanism. A number of recent observations have shown that the production of C/EBPβ isoforms is regulated by epidermal growth factor [38] , lipopolysacharide [44, 46] and partial hepatectomy [44, 47] , presumably through leaky ribosomal scanning [34, 37] . It has been proposed that a portion of ribosomes ignore the first two AUG codons of the C/EBPβ mRNA and initiate translation of LIP from the third in-frame AUG start codon. The translation of LIP can be controlled by specific cytoplasmic proteins that interact with the 5 end region of C/EBPβ mRNA, such as CUG-BP1 (CUG triplet-repeat binding protein 1) [44, 47] . Phosphorylation of CUG-BP1 is critical for its RNA binding and the consequent increase in LIP expression [38] . Therefore we tested whether ATRA treatment leads to increased phosphorylation of CUG-BP1 in FLC-4 cells. Western blotting and immunoprecipitation of CUG-BP1 metabolically labelled with 32 P, however, indicated that the expression level and phosphorylation status of CUG-BP1 were not different in cells with or without ATRA treatment (results not shown). It can be speculated that other RNA-binding proteins are involved in the mechanism by which ATRA increases the translation of LIP because, in addition to CUG-BP1, calreticulin [48] and eIFs (eukaryotic translation initiation factors), such as eIF-2 and eIF-4E [35] , have been shown to control translation of C/EBPβ. Another possible mechanism for the alternate production of C/EBPβ isoforms is the proteolytic cleavage of C/EBPβ-FL [49] . However, this is less likely to explain the mechanism for the differential induction of LIP isoforms caused by ATRA, because it has been shown that the cleavage of C/EBPβ-FL to generate LIP is induced by C/EBPα [49] , but that the ATRA treatment led to no change or only a small decrease in the expression of C/EBPα ( Figure 5A) .
A previous study [13] has shown that the expression of HNF-1, which is a potent transcription factor for the albumin gene [50] , was decreased in human hepatoma cells in which albumin gene expression was down-regulated by ATRA, although an upstream regulatory region of the albumin gene involved in the regulation was not identified. In our experimental setting, mRNA expression of HNF-1 was not affected by ATRA treatment (Figures 3A and   3B ). The data in the present study suggest a model in which the preferential increase in LIP expression mediated by ATRA results in the antagonization of C/EBP transactivators by interaction with their binding sites on the nt − 367 to − 167 region of the albumin promoter. We propose a novel pathway for the modulation of gene expression by ATRA, in which C/EBPβ-LIP plays a crucial role. This mechanism may be found in other systems for physiological processes, such as cell proliferation and differentiation, and the elucidation of its molecular mechanism will make a great contribution to our understanding of gene regulation mediated by retinoic acids.
